Recent delayed matching studies have demonstrated that maintaining trial-unique stimuli in working memory modulates activity in temporal lobe structures. In contrast, most previous studies that focused on the role of the prefrontal cortex (PFC) used familiar stimuli. We combined fMRI with a delayed-match-to-sample (DMS) task in humans that allowed us to manipulate stimulus pre-exposure (trial-unique vs. familiar objects) and stimulus domain (object vs. location). A visually guided saccade task was used to localize the frontal eye fields (FEF). We addressed two questions: First, we examined whether delay-period activity within PFC regions was more strongly engaged when stimuli were familiar (pre-exposed) than when they were not seen previously (trial-unique). Second, we examined the role of regions within the PFC in object vs. location working memory. Subjects were instructed to remember one stimulus domain while ignoring the other over an 8-s delay period. Object-specific delay-period activity was greatest in the posterior orbitofrontal cortex (OFC) bilaterally, and was stronger for familiar than trial-unique objects. In addition, consistent with previous findings, right posterior superior frontal sulcus, and the FEF were specifically active during the delay period of the location DMS task. These activations outside FEF were not related to saccadic eye movements. In contrast to previous reports, object-specific delay activity was more prominent in the posterior OFC than in the ventrolateral PFC, and was found to be greater for familiar than for trialunique objects. These results suggest a critical role for the orbitofrontal cortex for maintaining object information in working memory.
Introduction
Sustained activity in prefrontal (PFC) neurons during delayed match to sample tasks has been regarded as the neural correlate of memory maintenance (Fuster and Alexander, 1971; Kubota and Niki, 1971; Fuster, 1973; Rosenkilde et al., 1981; Quintana et al., 1988 , see Fuster, 1991 . While most fMRI and animal studies investigating the role of the PFC in visual working memory have used a small set of highly familiar stimuli (Courtney et al., 1997; Rao et al., 1997; Postle and D'Esposito, 1999a; Postle et al., 2000b; Sala et al., 2003) , those studies that used working memory paradigms with novel or trial-unique stimuli have focused on the medial temporal lobes (Gaffan, 1974; Zola-Morgan et al., 1989; Gaffan and Murray, 1992; Zola-Morgan et al., 1993; Alvarez et al., 1994; Eacott et al., 1994; Ranganath and D'Esposito, 2001; Schon et al., 2004) . Using fMRI, we have previously shown that 2-back working memory performance with trial-unique visual stimuli recruited the medial temporal lobes, whereas 2-back working memory performance with a small set of familiar visual stimuli recruited the prefrontal cortex (Stern et al., 2001) . Based on this finding, it is possible that the PFC may be recruited only when preexposed (i.e., highly familiar) objects, but not when trial-unique objects need to be maintained in working memory. Specifically, one candidate may be the dorsolateral PFC (DLPFC) that has been implicated in executive control functions.
Executive functions of the DLPFC include online monitoring and manipulation of information held in working memory regardless of stimulus material (Petrides, 1995; Owen et al., 1996; Owen et al., 1999; D'Esposito et al., 1999; Curtis et al., 2000; Stern et al., 2000; Stern et al., 2001; Pochon et al., 2001) . Other studies have shown that both DLPFC and ventrolateral PFC (VLPFC) are recruited when executive processes related to short-term storage are needed (Rypma et al., 1999; Stern et al., 2001; Barde and Thompson-Schill, 2002; Glahn et al., 2002; Rypma et al., 2002; Veltman et al., 2003) .
Another candidate for monitoring task relevant information may be the orbitofrontal cortex (OFC). In the rat, the OFC is necessary for delayed non-matching of odor stimuli drawn from a small stimulus set but not when the stimulus set is large (Otto and Eichenbaum, 1992) . In monkeys, the OFC, together with the VLPFC, has been shown to be important for selecting behaviorally relevant stimuli (Rushworth et al., 2005) . A PET study using a 1-back continuous picture recognition paradigm in humans indicated that while initial learning activated the MTL, posterior medial orbitofrontal cortex activity was evident in subsequent runs in which previously seen pictures increasingly recurred (Schnider et al., 2000) . This condition would require close monitoring of the currently relevant stimulus in the face of interference. Successful interference resolution has been shown to activate two cortical networks, one involving the VLPFC, and a secondary one involving the orbitofrontal cortex (Caplan et al., 2006) . Thus, another potential candidate within the PFC may be the mid-VLPFC, as recent eventrelated fMRI (Stern et al., 2001; Henson et al., 2002; Badre and Wagner, 2005; Caplan et al., 2006, see Jonides and Nee, 2006 for review) and rTMS studies (Feredoes et al., 2006) have shown that the left VLPFC supports interference resolution.
In addition to sustained activity in dorsolateral and ventrolateral prefrontal cortex, delay-dependent activity has also been observed in the frontal eye fields (FEF) in monkeys (Funahashi et al., 1989; Gaymard et al., 1999; Umeno and Goldberg, 2001; Sommer and Wurtz, 2001) , and in humans (Sweeney et al., 1996; Brown et al., 2004; Curtis et al., 2004; Leung et al., 2004; Linden et al., 2003; Postle et al., 2004; Mohr et al., 2006) . Delay-period activity in the FEF has been attributed to the maintenance of a prospective motor code or maintenance of a saccadic plan Curtis et al., 2004 Curtis et al., , 2005 Curtis and D'Esposito, 2006) , and to covert spatial attention (Kastner et al., 1999 , see Pessoa et al., 2003 . Findings from monkey lesion (Sommer and Tehovnik, 1997) , and human neuropsychological (Pierrot-Deseilligny et al., 1993 ) studies also demonstrate a role of the FEF in spatial working memory.
Delay-dependent activity in the posterior superior frontal sulcus (SFS) has been observed specifically for short-term maintenance of spatial information in humans (Courtney et al., 1998; Rowe et al., 2000; Rowe and Passingham, 2001; Glahn et al., 2002; Sala et al., 2003; Slotnick, 2005 , but see Postle, 2005) and in a homologous region in the monkey (Chafee and Goldman-Rakic, 1998; Rainer et al., 1998a; Inoue et al., 2004) . In both humans and monkeys, this spatial-specific delay-period activity was posterior and superior to the DLPFC, and distinct from and just anterior to the FEF. However, some studies found that activation in this region is not limited to short-term maintenance of spatial information (Jha and McCarthy, 2000; Postle et al., 2000a; Zurowski et al., 2002) , or that activity in this region is related to saccadic eye movements (Postle et al., 2000a; Brown et al., 2004) .
Based on monkey neurophysiological recording data, activity in the mid-DLPFC has also been attributed specifically to the shortterm maintenance of spatial information, whereas the ventrolateral PFC has been implicated in the short-term maintenance of nonspatial information (Funahashi et al., 1989; Wilson et al., 1993) . However, there is very little support for this domain-specific specialization as most neuroimaging studies (D'Esposito et al., 1998; Owen et al., 1998; Postle and D'Esposito, 1999a; Postle et al., 2000b; Nystrom et al., 2000) and single-unit recording studies (Rao et al., 1997; Rainer et al., 1998a; Rainer et al., 1998b; Ferrera et al., 1999) were unable to find such segregation.
This study addressed two questions: First, are there regions within the PFC that are more strongly engaged when stimuli are preexposed (i.e., highly familiar) than when they are not previously encountered (i.e., trial-unique)? Possible candidates include DLPFC, OFC, and VLPFC. Second, are the FEF, the posterior SFS, and the DLPFC preferentially recruited for short-term maintenance of locations, and is the VLPFC preferentially recruited for maintenance of objects? If so, can activity in these regions (outside FEF) be distinguished from saccadic eye movement-related activity in the FEF? We addressed these questions by combining fMRI with a DMS task that allowed us to manipulate the stimulus type simultaneously on two dimensions: stimulus domain (object vs. its location) and stimulus pre-exposure (trial-unique vs. familiar objects), and added a visually guided saccadic eye movement task.
Materials and methods

Subjects
Seventeen subjects (8 males and 9 females, mean age 21.29 ± 3.72 years, age range 18-30 years) were recruited from the student population at Boston University. All subjects were screened for MR compatibility, and subjects with a history or current condition of neurological or psychiatric illness were excluded. Vision was normal or corrected-to-normal. All subjects gave written informed consent to participate in this study in a manner approved by the Partners Human Research Committee of the Massachusetts General Hospital and by the Boston University Charles River Institutional Review Board.
Stimuli
The stimuli for this experiment consisted of 3.8 cm × 3.8 cm digital color pictures of birds and fish on a uniform gray background, and 10 spatial locations around a central fixation dot (see Fig. 1A ).
Familiar objects
Approximately 20 min before the beginning of the functional scans, subjects saw a set of 5 birds and 5 fish on the center of a computer screen five times for 4 s each in a randomized order to familiarize themselves with the familiar stimulus set.
Trial-unique objects
All other stimuli (birds and fish) were not pre-exposed to the subjects and were trial-unique. Trial-unique stimuli were randomly selected from a set of 63 pictures of birds and 73 pictures of fish. Across all runs, a stimulus from the trial-unique set would be seen twice only in the case of a DMS match trial.
After stimulus familiarization, all subjects received detailed instructions on a computer screen and practiced the object and location tasks before scanning.
Tasks and procedures
There were four tasks: spatial DMS, object DMS, spatial control task, and object control task (Fig. 1A ). Subjects performed both object and location DMS tasks with either familiar, previously exposed objects or trial-unique, not previously exposed objects. Tasks differed only in instruction. During each DMS trial, subjects saw a picture of a bird or a fish in one of ten possible locations (sample presentation) and a central fixation dot for 2 s. Then, the sample stimulus disappeared and the screen remained black except for a central fixation dot for 8 s. At the end of the delay, the subject saw a stimulus in one of the ten locations for 2 s (probe presentation). The DMS tasks were designed such that attending to the irrelevant stimulus domain did not facilitate performance.
During the object DMS task (ODMS), subjects indicated via button press whether the test object was the same as that seen during sample, regardless of its location. To prevent interference among the tasks, during object trials, the probe location never matched the sample location. During the location DMS task (LDMS), subjects indicated via button press whether the location in which the object appeared during sample was identical to that at probe, regardless of the identity of the test object. To prevent interference among the tasks, during location trials probe objects never matched sample objects.
In addition to the DMS tasks, subjects also performed two different control tasks designed to control for visual input, decisionmaking, and motor response. During the control task, subjects were instructed to simply wait until the second stimulus (probe) appeared. For probes during object CON (OCON) trials, subjects indicated via button press whether this second stimulus was a bird or a fish. For probes during location CON (LCON) trials, subjects indicated via button press whether the location of the test stimulus was above or below the fixation dot. The tasks were designed such that maintenance of object or location information was maximized during the DMS delays and minimized during the control task delays.
To minimize brain activation due to task switching, functional runs either consisted of object trials (ODMS and OCON) or location trials (LDMS and LCON). The color of the central fixation dot indicated whether a DMS trial or a CON trial would begin (see Fig. 1A ). In addition, before each functional run the subjects received a verbal instruction indicating that the upcoming run was an object or location task. Subjects performed 14 trials in each of eight functional runs (7 DMS and 7 CON trials per run, 4 object runs and 4 location runs). Two runs exclusively used highly familiar objects and two runs used trial-unique objects. Each subject performed a total of 112 trials.
After each 12-s trial, there was an intertrial interval (ITI) of 10 s to allow sufficient time for the hemodynamic response to return to baseline (Postle and D'Esposito, 1999a,b) . The time between subsequent trial onsets was 22 s. The length of each run was 308 s.
The order of the eight runs, the order of the 14 trials within a run, and the order of the stimuli (locations, objects) were randomized. Each of the two possible behavioral responses of a given trial type (match vs. nonmatch, bird vs. fish, above vs. below) was correct 50% of the time for the corresponding task. No more than three subjects underwent scanning with exactly the same randomization of runs, trials, and stimuli.
Two runs of a visually guided saccadic eye movement (SEM) task were added to localize the frontal eye fields (FEF). Our SEM task was similar to the saccadic eye-movement task used by Petit et al. (1997) . We used a visually guided rather than a self-paced saccadic eye movement task because it has been suggested that previously observed posterior SFS activity (Courtney et al., 1998) may have been due to visually guided saccades (Postle et al., 2000a) Subjects were instructed to either attend object or location information. In both tasks, the sample stimulus was presented for 2 s, and followed by an 8-s delay period, which, in turn was followed by a 2-s probe presentation (test). Each trial ended with a 10-s inter-trial interval (ITI). (B) Contrasts were modeled after Courtney et al. (1998) . Following the methods of Postle et al. (2000c) vertical bars represent positioning of the hemodynamic response function (HRF). Contrasts that were convolved with the HRF constituted the regressors for multiple regression analysis. Please see Materials and methods for details.
and not due to maintenance of spatial information or sustained spatial attention per se. Subjects made saccadic eye movements to a white fixation dot that moved with a frequency of two Hz (every 500 ms) randomly between five horizontal locations 5°or 10°to the right or left visual field, and to 0°. Each task started with 500 ms of central fixation (0°). Four 20-s blocks of moving dots alternated with four 20-s blocks of central fixation within a run (Fig. 4B, bottom) . Subjects were instructed to follow the dot with their eyes and not to anticipate its next location while keeping their head still. During each block of moving dots, the dot appeared in each of the five locations equally often.
fMRI data acquisition
Data were acquired on a 3.0-T Siemens MAGNETOM Allegra scanner (Erlangen, Germany) at the Athinoula A. Martinos Center for Biomedical Imaging (Massachusetts General Hospital, Charlestown, MA). Two high-resolution MP-RAGE T1-weighted structural images were acquired for each subject (matrix, 256 × 192 ; field of view, 256 mm; time to repetition, 6.6 ms; time to echo, 2.9 ms; flip angle, 8°; slice thickness, 1.33 mm). While the subjects performed the DMS and CON tasks, we ran eight functional T2*-weighted gradient-echo echo-planar scans (matrix, 64 × 64; field of view, 200 mm; time to repetition, 2000 ms; time to echo, 30 ms; flip angle, 90°; 21 slices with interleaved excitation order; slice thickness, 5 mm; 1 mm skip between slices; in-plane resolution, 3.125 × 3.125 mm; 154 acquisitions per slice). For the FEF localizer, we ran two functional scans using the same parameters as above, but with 80 acquisitions each. BOLD images were aligned along the AC-PC line to collect data from the whole brain.
fMRI data preprocessing
Using SPM2 (Wellcome Department of Cognitive Neurology, London, UK), we temporally smoothed all functional images by correcting them for differences in slice timing. After slice-time correction, all functional images were realigned to the first image within a series using 4th-degree B-spline interpolation, corrected for movement-by-susceptibility interactions, and were then normalized by warping them into standard MNI305 space (with trilinear interpolation, and resampling to 2 × 2 × 2 mm isotropic voxels). Before statistical analyses, all normalized images were spatially smoothed with a 6-mm full-width at half-maximum Gaussian kernel.
Statistical analysis of fMRI data
Because of the time-locked nature of the events that constitute the DMS and CON trials (sample, then delay, then probe, etc.), we used multiple regression analysis with orthogonal regressors. This method has previously been proposed (Zarahn et al., 1997; Postle et al., 2000c) and used (Courtney et al., 1997 (Courtney et al., , 1998 Postle and D'Esposito, 1999a,b; Schon et al., 2004 Schon et al., , 2005 for statistical analysis of time-locked events. With orthogonal regressors, hemodynamic changes to different task components that are segregated in time and that cannot be counterbalanced can be analyzed simultaneously and independently of each other. Similar to Courtney et al. (1998) and Schon et al. (2004 Schon et al. ( , 2005 , we created six (nearly) orthogonal contrasts that reflected comparisons of interest and convolved them with a hemodynamic response function (HRF) using a Gamma variate function (Boynton et al., 1996 ; Josephs et al., 1997) in MATLAB 6.5 (The Mathworks, Inc., Natick, MA). Parameters for the HRF were taken from Boynton et al. (1996) .
We created the following six contrasts (Fig. 1B) . Following Courtney et al. (1998) , contrast 1 assessed activation due to nonspecific visual stimulation, contrast 2 assessed a difference in activation due to the type of stimuli (DMS vs. CON), contrast 3 assessed the difference between the sample stimulus and the probe stimulus for CON trials, contrast 4 assessed the difference between the sample stimulus and the probe stimulus for DMS trials, contrast 5 assessed differences in activity during task delays (across task) versus during the ITI, and contrast 6 assessed the difference in activity during the DMS delay versus activity during the CON delay (Fig. 1B) . Following the methods of Postle et al. (2000c) , we used "stick" contrasts instead of box-shaped contrasts (Courtney et al., 1998) to position the HRF in order to mitigate collinearity among the convolved regressors (Fig. 1B) . Vertical bars represent positioning of the HRFs. Contrasts that were convolved with the HRF constituted the 6 regressors. This approach allowed us to isolate activity that was solely attributable to the delay component of the task. We defined short-term maintenance as differential delay-period activity resulting from regressor 6 (DMS delay activity N CON delay activity). We performed the multiple regression analysis for each subject with SPM2 by entering all six regressors as covariates, scaling the overall grand mean to 100, using proportional threshold masking, and a global calculation of the mean voxel value within per image full mean/eight mask. This is a standard procedure in SPM that simply scales all data to the same value without altering the statistics. Voxels with less than 1/8 of this mean value are masked out. This procedure generated a statistical parametric t-map (SPM{T}) for each regressor and for each subject.
We entered all 17 SPM{T} maps (one from each subject) for each of the six regressors into second-level random-effects one-sample ttests and repeated-measures ANOVAs. The ANOVA assessed simple and main effects of stimulus domain (object vs. location), and stimulus pre-exposure (familiar vs. trial-unique), and interactions between the two main factors. Because the current investigation was restricted to positive activations and the single-subject SPM {T} images that were entered into the ANOVA were difference images (DMS delay N CON delay), all covariates of the ANOVA were masked with the corresponding one-sample t-test during results assessment. For example, if one is interested in assessing delayperiod activity that is greater for location trials than for object trials, then the main effect would have to be assessed with the contrast ([LDMS delay N LCON delay, across stimulus pre-exposure conditions] N [ODMS delay N OCON delay, across stimulus pre-exposure conditions] (see contrast #12 in Supplementary Materials, Table 1 ). Since this activity compares a difference (DMS delay N CON delay for location trials) with another difference (DMS delay N CON delay for object trials), the resulting statistical parametric map (SPM) needs to be inclusively masked with the corresponding one-sample t-contrast(s). In this case, this is the contrast (LDMS delay N LCON delay, across stimulus pre-exposure conditions) (see one-sample t-contrasts lettered C and D) in Supplementary Materials, Table 1 ). Inclusive masking of one tcontrast with another one ensures that only voxels for which both contrasts are statistically significant will be displayed in the SPM. In this example, the resulting SPM will display only those voxels that show significantly greater activity during the delay period for location than for object trials and that also show significantly greater activity during the DMS delay than during the CON delay for location trials, across stimulus pre-exposure conditions. A list of all effects assessed by the ANOVA can be viewed online (see Supplementary Materials, Table 1 ). All second-level analyses treated subject as a random factor to allow generalization of results. In addition, statistical estimation in SPM2 included non-sphericity correction with replications over four repetitions (1: ODMS vs. OCON with trial-unique objects, 2: LDMS vs. LCON with trialunique objects, 3: ODMS vs. OCON with familiar objects, 4: LDMS vs. LCON with familiar objects). For the DMS and CON tasks, the significance level to identify suprathreshold voxels was p ≤ 0.001 uncorrected for multiple voxel-wise comparisons. For the SEM task, the significance level to identify suprathreshold voxels was p ≤ 0.05 with FDR correction (Genovese et al., 2002) across the whole brain. The statistical threshold for the SEM task was set higher than that for the DMS and CON tasks, because the first is a blocked design with high estimation efficiency whereas the latter tasks used event-related analysis procedures with lower estimation power. In all cases, the threshold extent was 5 voxels.
Time series extraction
We extracted signal intensities from functionally defined spheres with a radius of 5 mm. The center coordinates of the spheres were taken from statistical peaks from the repeatedmeasures ANOVA using the VOI tool in SPM2, from the onesample t-test when appropriate, and from the moving dot versus fixation dot contrast (SEM N Fixation) of the SEM task. The signalintensity time series (Y) were adjusted for all effects of interest. Signal intensities extracted from DMS and CON trials were sorted selectively by task (DMS vs. CON), stimulus pre-exposure (trialunique vs. familiar objects), stimulus domain (objects vs. locations), and event (sample vs. delay vs. probe).
Data analysis was focused on regions of interest (ROIs) in the frontal lobe. These ROIs included the VLPFC, the DLPFC, the OFC, the posterior SFS, and the FEF.
Interpretation of bar graphs
Bar graphs (Figs. 2-4) demonstrate signal intensities as a function of task, stimulus pre-exposure, stimulus domain, and event, such that the baseline is the overall grand mean of the data. Because the global mean was scaled to 100, the height of the bars in the figures displays % signal change with respect to the global mean intensity of the scaled images. The tasks were designed such that the CON task serves as the baseline. Thus, significant positive activations will be evident for events where DMS N CON is true, and no difference between DMS and CON events demonstrate that activity was not different from baseline. In addition, negative activations (deactivations) will be evident for events where DMS b CON is true. Note that for the delay period, signal intensities of four TRs were averaged.
Statistical analysis of behavioral data
Median reaction times (RTs), and proportion of correct responses were calculated separately for each subject and then averaged by task (DMS vs. CON), stimulus domain (object vs. spatial), and stimulus pre-exposure (familiar vs. trial-unique objects) by calculating means and SE. Repeated-measures ANOVAs assessed the main effects and interactions of these factors separately for mean RTs and proportion of correct responses. Repeated-measures ANOVAs with these within-subject factors used the three-way interaction as the between-subject error term.
Results
Behavioral performance
A repeated-measures ANOVA on the mean RTs (N = 16) revealed a significant main effect of stimulus domain [F (1,120) = 9.20, p = 0.003]. Subjects were faster on location trials than on object trials (mean RT ± SE; LDMS with trial-unique objects, 1001 ± 57; LDMS with familiar objects, 989 ± 80; ODMS with trial-unique objects, 1214 ± 110; ODMS with familiar objects, 1173 ± 104). No other main effects or interactions reached statistical significance (p N 0.05). With regard to the proportion of correct responses, the ANOVA did not reveal any significant main effects or interactions, indicating that the subjects performed similarly on DMS and CON tasks (mean prop. correct ± SE; LDMS with trial-unique objects, 0.93 ± 0.02; LDMS with familiar objects, 0.95 ± 0.02; ODMS with trial-unique objects, 0.95 ± 0.02; ODMS with familiar objects, 0.92 ± 0.03). We were unable to record behavioral responses from one subject.
fMRI results
We were interested in investigating the role of the PFC in shortterm maintenance of visual-spatial and trial-unique and familiar visual nonspatial information. Therefore, results reported in this section refer only to delay-period activity.
Role of the PFC in short-term maintenance of visual objects Short-term maintenance of nonspatial information recruits the posterior orbitofrontal cortex within the ventral PFC. The repeated-measures ANOVA (inclusively masked with the corresponding one-sample t-test) revealed a main effect of stimulus domain (object N location) bilaterally in the ventral PFC (posterior orbitofrontal cortex; OFC; BA 11, 47), the left frontomarginal sulcus (anterior VLPFC; BA 10, 47), the left inferior frontal sulcus (anterior DLPFC; BA 46), and the left inferior frontal gyrus (mid-VLPFC; BA 45) ( Table 1) . Within the prefrontal cortex, this main effect of stimulus domain during the delay period (object N location), was most prominent in the OFC. Time-series of selectively averaged signal intensities show that this effect was greater in the right posterior OFC when objects were highly familiar, than when objects were trial-unique (Fig. 2D) . Activity in left and right posterior OFC including signal-intensity time series is illustrated in Fig. 2 . Outside the PFC, short-term maintenance of objects recruited posterior ventral and motor-related brain areas (Table 1) .
Inclusive masking of the ANOVA contrast image with that from the SEM task (moving dot N fixation dot) revealed that the FEF were not active during short-term maintenance of nonspatial objects (Supplementary Materials, Table 2A ). Exclusive masking of the ANOVA contrast image with that from the SEM task did not reveal any activity in the posterior SFS (BA 6/8) (Supplementary Materials, Table 2B ).
Short-term maintenance of a small set of highly familiar visual objects recruits the posterior OFC. The repeated-measures ANOVA (inclusively masked with the corresponding one-sample t-test) revealed a simple effect of object pre-exposure (familiar N trialunique) in the right posterior OFC (BA 11, 47) for object trials (Table 2A ). The only additional prefrontal area that showed a Table 3A [main effect of (location delay N object delay) inclusively masked with one-sample t-contrast (LDMS delay N LCON delay, across stimulus pre-exposure); see Supplementary Materials, Table 1 statistical trend was in the anterior dorsomedial PFC (BA 10). Time-series of selectively averaged signal intensities illustrate this effect (Fig. 2D) . Additional areas active for this contrast are listed in Table 2A . While the ANOVA did not reveal any activity in the DLPFC or VLPFC for this contrast, the one-sample t-test contrasting ODMS delays with OCON delays for trials with highly familiar objects showed activity bilaterally in the inferior frontal gyrus (IFG; VLPFC; BA 45) and in the middle frontal gyrus (MFG; DLPFC; BA 46) ( Table 2B) .
The simple effect of object pre-exposure (trial-unique N familiar) for object trials revealed no suprathreshold voxels at p b 0.001, uncorrected, except for one in the right cerebellum (Table 2C) .
Delay-related PFC activity in short-term maintenance of locations Short-term maintenance of locations recruits the posterior SFS. The repeated-measures ANOVA (inclusively masked with the corresponding one-sample t-test) revealed a main effect of stimulus domain (spatial N object) in the left middle frontal gyrus (DLPFC; BA 46), in the right posterior SFS (BA 6/8), the bilateral posterior superior frontal cortex (BA 6), and in posterior regions including the right posterior (BA 7), and the right anterior intraparietal sulcus (IPS) (BA 39) ( Table 3A ). Note that the onesample t-test contrasting LDMS delays with LCON delays (across both stimulus pre-exposure conditions) showed identical results. Activity in the left middle frontal gyrus (DLPFC) and the right posterior SFS, including signal-intensity time series are illustrated in Fig. 3 . Inclusive masking of the ANOVA contrast image with that from the SEM task (SEM N fixation) revealed FEF activity bilaterally during short-term maintenance of locations (Table 3B) . Exclusive masking of the ANOVA contrast image with that from the SEM task demonstrated that the posterior SFS activity was not related to visually guided saccadic eye movements ([x y z] = [24 6 62], Table 3C ). Posterior SFS delay-related activity was related to short-term maintenance of locations. Note that the biggest effect was not located in the PFC but in the right posterior IPS, an area that was also active when subjects performed saccadic eye movements.
When objects were highly familiar during LDMS trials (i.e., when the irrelevant stimulus domain was the familiar objects), the ANOVA revealed activity in the right posterior SFS (BA 6/8), left MFG (BA 46), and right posterior IPS (BA 7) (Supplementary Materials, Table 3A ). In contrast, when objects were trial-unique, the ANOVA (inclusively masked with the corresponding one-sample t-test) did not reveal any suprathreshold voxels at an uncorrected threshold of p = 0.001 (Supplementary Materials, Table 3B ). Consistent with this result, note that the interaction between stimulus domain and stimulus pre-exposure showed a statistical trend in the posterior SFS (BA 6/8) ( Table 3D) .
Role of the frontal eye fields in short-term maintenance of locations. We functionally localized the FEF using a visually guided saccadic eye movement task. A random-effects analysis that compared epochs of moving dots (visually guided saccadic eye movements) with epochs of central fixation (p = 0.05, FDRcorrected; threshold extent, 5 voxels) revealed significant activation bilaterally in the posterior superior frontal cortex, including the superior frontal gyrus and the superior frontal sulcus (BA 6), and in the precentral gyrus (BA 6). These results are illustrated in Fig. 4A (see also Supplementary Materials, Table 4 ). These results are consistent with previous studies that have reported that the FEF are located in the vicinity of precentral sulcus and the most posterior part of the SFS (Paus, 1996; Petit et al., 1997; Koyama et al., 2004) , and that their location is posterior to the anterior commissure (y b 0 mm) (Rowe et al., 2000; Rowe and Passingham, 2001 ). In our data, we defined the location of the FEF functionally in the right and left posterior superior frontal cortex (BA 6).
To investigate further whether the FEF were located in the same area that we observed for the short-term maintenance of spatial locations, we extracted signal-intensity time series from the LDMS delay versus LCON delay one-sample t-contrast using the frontal eye field activation peaks ([x y z] = [22 − 2 54], and [x y z] = [− 26 − 8 54]) and sorted them by task (DMS vs. CON), stimulus domain (object vs. location), object pre-exposure (trial-unique vs. familiar objects), and event (sample vs. delay vs. test). We investigated whether the activation peaks in the posterior superior frontal cortex region (BA 6, 8 ) from the analysis contrasting LDMS delays with LCON delays were the same as those reported above. We extracted , red corresponds to posterior superior frontal cortex (BA 6) peak from A (short-term maintenance of spatial locations), and blue corresponds to posterior superior frontal cortex (BA 6) peak from A (saccadic eye movement task; FEF). Functional overlays in A were created with MRIcro 1.38 software (Rorden and Brett, 2000) using a statistical threshold of t = 2.88, and were rendered on a canonical brain (ch2bet) provided with the software. For coordinates, Zscores, and p-values of all brain areas activated during the saccadic eye movement task (SEM N fixation) see Table 4 of the Supplementary Materials. y-Axes, signal intensity; baseline, overall grand mean. SEM, saccadic eye movements; FEF, frontal eye fields; R, right; L, left.
signal-intensity time series from the SEM task using peaks from the LDMS delay versus LCON delay one-sample t-contrast ( Time-series extracted from the right and left posterior superior frontal cortex (right and left FEF; y = − 2, and y = −8, respectively; BA 6) as defined by the FEF localizer scans indicate that the right FEF were recruited for the short-term maintenance of spatial information (not depicted). In addition, the time-series for the left posterior superior frontal cortex peak (left FEF; BA 6) was identical to that from the left posterior superior frontal cortex (BA 6) peak as defined functionally by the LDMS delay versus LCON delay contrast (not depicted). However, there was no significant activation at the more anterior peak of the posterior SFS as defined by the LDMS delay versus LCON delay contrast of the one-sample t-test when this peak was entered into the moving dot versus fixation dot contrast of the FEF scans (p N 0.02, uncorrected). Therefore, activity in the posterior superior frontal cortex (BA 6) as defined functionally by the LDMS delay versus LCON delay contrast was identical to activity in the posterior superior frontal cortex (BA 6) as defined functionally by the FEF localizer scans, except for the more anterior peak within the posterior SFS (BA 6/8). This latter region is distinct from the FEF and is recruited specifically for the short-term maintenance of spatial locations.
We also extracted VOI time series from the FEF localizer scans using the right and left peaks from the posterior superior frontal cortex (BA 6) that were defined functionally by the LDMS delay versus LCON delay contrast. Fig. 4B illustrates that activity in these regions (here illustrated for the right posterior superior frontal cortex; BA 6) is increased during saccadic eye movements, and decreased during fixation (red line). Furthermore, they follow the same pattern as the posterior superior frontal cortex (BA 6) peaks defined functionally by the FEF localizer (blue line).
These results illustrate that the peaks within the posterior superior frontal cortex (BA 6) from the SEM task were not different from the peaks within the same region that were significant for the short-term maintenance of spatial locations. However, a more anterior region within the right posterior SFS Main effect (Object DMS delay N Location DMS delay, across stimulus pre-exposure) inclusively masked with one-sample t-tests (Object DMS delay N Object CON Delay, across stimulus pre-exposure). Note that inclusively masking two contrasts reveals activity that is present for both contrasts (conjunction), whereas exclusively masking two contrasts reveals activity that is present for the first but not for the second contrast. Highlighted in bold are functional blobs that are significant at p ≤ 0.001 ( * denotes peak is also statistically significant at p FDR b 0.05 across whole brain). L, left; R, right; BA, Brodmann area; p(unc), p-value, uncorrected for multiple voxel-wise comparisons. Note that Brodmann areas are approximate and are derived from AAL atlas provided with MRIcro (Rorden and Brett, 2000) using definitions from the Braininfo database (http://braininfo.rprc.washington.edu/menumain.html).
(BA 6/8) was preferentially recruited for the active maintenance of spatial locations. In addition, our results demonstrate that the FEF are recruited for the short-term maintenance of spatial locations.
Discussion
Our results demonstrate that the most significant PFC activity related to the short-term maintenance of nonspatial objects across Delay period activity (novel objects) N Delay period activity (familiar objects) (C) Object, Inclusively masked with (ODMS delay N OCON delay, low) one-sample t-contrast R Cerebellum 3.63 3.45 b0.001 36 −82 −24 (A) Simple effect (Object DMS delay N Object CON delay, familiar objects) N (Object DMS delay N Object CON delay, trial-unique objects) inclusively masked with one-sample t-test (Object DMS delay N Object CON delay, familiar objects).
(B) One-sample t-contrast (ODMS delay N OCON delay for trials with familiar objects).
(C) Simple effect (Object DMS delay N Object CON delay, trial-unique objects) N (Object DMS delay N Object CON delay, familiar objects) exclusively masked with one-sample t-test (Object DMS delay N Object CON delay, trial-unique objects). Note that inclusively masking two contrasts reveals activity that is present for both contrasts (conjunction), whereas exclusively masking two contrasts reveals activity that is present for the first but not for the second contrast. Highlighted in bold are functional blobs that are significant at p ≤ 0.001. L, left; R, right; BA, Brodmann area; p(unc), p-value, uncorrected for multiple voxel-wise comparisons. Note that Brodmann areas are approximate and are derived from AAL atlas provided with MRIcro (Rorden and Brett, 2000) using definitions from the Braininfo database (http://braininfo.rprc.washington.edu/menumain.html).
pre-exposure conditions was in the posterior OFC (BA 11, 47), not in the VLPFC, and importantly, OFC activity was greatest when objects to be maintained in short-term memory were familiar. The right DLPFC (right MFG; BA 46) and right and left VLPFC (inferior frontal gyrus; BA 45) were additionally recruited with familiar objects when DMS delays were contrasted with CON delays (Table 2B) ; however, these areas were not modulated by stimulus pre-exposure (Table 2A ). This result suggests that the posterior OFC, may be recruited for the short-term maintenance of visual objects when interference among the stimuli and, hence, monitoring requirements are high, an interpretation consistent with a processing-specificity view of PFC function (Petrides, 1995; Owen et al., 1996 Owen et al., , 1998 . With a small set of highly familiar items, it is much harder to keep track of (monitor) which stimulus is currently the task relevant one than when there is a larger set of familiar items or when the items are trial-unique. Thus, in the condition where a small set of stimuli are repeatedly presented and must be maintained, we propose that the prefrontal cortex, and in particular the OFC, is recruited to monitor which stimulus is currently task relevant. In contrast, the FEF bilaterally (posterior superior frontal cortex; BA 6), and the right posterior SFS (BA 6/8) were preferentially recruited to maintain spatial information across a delay.
Posterior brain areas were recruited in both stimulus domains regardless of object pre-exposure. Posterior parietal regions (including the posterior IPS) were recruited for the short-term maintenance of locations, and posterior temporal regions (including medial temporal areas) were recruited for the short-term maintenance of nonspatial objects (Tables 3 and 1,  respectively) . (A) Main effect of (Location DMS delay N Object DMS delay, across stimulus pre-exposure) inclusively masked with the (Location DMS delay N Location CON delay, across stimulus pre-exposure) one-sample t-test.
(B) Same as in A, but inclusively masked with the saccadic eye movement contrast (SEM N fixation).
(C) Same as in A, but exclusively masked with the saccadic eye movement contrast (SEM N fixation).
(D) Interaction between stimulus domain (object vs. location) and stimulus pre-exposure (trial-unique vs. familiar) for DMS delays, inclusively masked with the (Location DMS delay N Location CON Delay, across object novelty) one-sample t-tests. Note that inclusively masking two contrasts reveals activity that is present for both contrasts (conjunction), whereas exclusively masking two contrasts reveals activity that is present for the first but not for the second contrast. Highlighted in bold are functional blobs that are significant at p ≤ 0.001. L, left; R, right; BA, Brodmann area; p(unc), p-value, uncorrected for multiple voxel-wise comparisons. Note that Brodmann areas are approximate and are derived from AAL atlas provided with MRIcro (Rorden and Brett, 2000) using definitions from the Braininfo database (http://braininfo.rprc.washington.edu/menumain.html).
Does the orbitofrontal cortex play a role in the short-term maintenance of visual nonspatial objects?
While most previous working memory studies have focused on lateral PFC regions, a few previous fMRI studies have also shown that the OFC (BA 11, 47 ) is active during delayed matching-tosample and delayed nonmatching-to-sample (Elliott and Dolan, 1999; Lamar et al., 2004) . The OFC may support the encoding of visual nonspatial information into a short-term memory buffer, so that it can maintain this information during working memory. Evidence for a role of the OFC in encoding comes from several areas of research. Frey and Petrides, using PET in humans, demonstrated that orbitofrontal activity is related to encoding of abstract visual patterns and faces (Frey and Petrides, 2000 , and in nonhuman primates, novel visual stimuli activate neurons in the OFC (Rolls et al., 2005) . Anatomically, there are strong connections between the medial temporal areas and the OFC (Insausti and Munoz, 2001; Munoz and Insausti, 2005) . Consistent with this, in the current study, short-term maintenance of objects recruited medial temporal regions in addition to the OFC (Table 1) . Specifically, we observed this activity in the left hippocampal head (uncus), in the left perirhinal/entorhinal cortex, and in the right hippocampal tail. This is consistent with previous work by us and others that has demonstrated delay-period activity in medial temporal regions including hippocampus and perirhinal/entorhinal cortex during delayed matching to sample (Stern et al., 2001; Ranganath and D'Esposito, 2001; Schon et al., 2004) . Delay-period activity in the MTL, while not modulated by stimulus pre-exposure in our study, has been shown to support long-term encoding (Schon et al., 2004; Schon et al., 2005) , a mechanism that may possibly be responsible also for MTL activity in the current study.
Our OFC activity was evident within the direct contrast of delayperiod activity of object trials with delay-period activity of location trials. The object DMS task included an additional requirement that the locations in which the objects were displayed needed to be ignored. Given the role of the OFC in selecting the appropriate behavior in complex settings (Bechara et al., 1997; Barbas et al., 2002) , one role of the OFC in the current study may be to monitor which stimulus dimension is performance-relevant in the face of interference. Support for this idea comes from rat studies demonstrating that rats with orbitofrontal lesions are impaired on delayed non-matching to sample when interference is high (Otto and Eichenbaum, 1992) , and from human neuroimaging studies on interference resolution (Schnider et al., 2000; Caplan et al., 2006) . The orbitofrontal cortex may therefore track performance relevant information (Schoenbaum and Setlow, 2001) in the face of interference and may send top-down control signals to posterior brain areas. Consistent with this notion, the OFC provides top-down facilitation during object recognition as demonstrated by a combined MEG-fMRI study (Bar et al., 2006) . In addition, there are reciprocal connections between OFC and ventral processing stream areas (see Cavada et al., 2000 for review) .
Do segregated regions within the prefrontal cortex support the short-term maintenance of objects and locations during delayed matching?
The results demonstrate a functional preference, but not a strong process-specific or domain-specific segregation, within the lateral PFC, such that the right and left ventral PFC, including OFC (BA 11, 47) and VLPFC (right and left IFG; BA 45), are preferentially engaged during the short-term maintenance of nonspatial visual objects while the right posterior SFS (BA 6/8) (anterior to the FEF) together with the FEF (posterior superior frontal cortex; BA 6) are preferentially recruited for the short-term maintenance of spatial information.
Familiar stimuli may require close monitoring via top-down attentional control of task-relevant stimuli in the face of interference. Consistent with this idea, working memory and interference resolution have been shown to share a common neural substrate including the dorsolateral and the ventrolateral PFC (Bunge et al., 2001 ). In addition, Sakai et al. (2002) found that the dorsolateral PFC actively maintains verbal information during the working memory delay in the face of distraction. The finding that both dorsolateral and ventrolateral PFC are involved in the short-term maintenance of familiar objects (while not modulated by stimulus pre-exposure) is also consistent with the idea of overlapping representations in the lateral PFC (Rao et al., 1997; Rainer et al., 1998a) , and with a process-specificity view of prefrontal function (Petrides, 1995; Owen et al., 1996 Owen et al., , 1998 ).
An alternative hypothesis, but one that is not incompatible with the idea of interference being higher for familiar stimuli, is that pre-exposure changes the memory strength of stimuli, such that pre-exposed, familiar stimuli have greater memory strength than trial-unique stimuli, which would have no prior representation in the brain. We have suggested in our previous work that stimuli with no previous representation (i.e. trial-unique stimuli) require alternative mechanisms for maintenance than those that are familiar (see Stern et al., 2001; Schon et al., 2004 Schon et al., , 2005 Hasselmo and Stern, 2006) .
Our results also demonstrate that the posterior parietal (together with the DLPFC and posterior SFS) and posterior ventral regions (together with the OFC) play the greatest role in the short-term maintenance of spatial information and object information, respectively. This stimulus domain-specificity in posterior regions during working memory maintenance is consistent with previous neuroimaging studies (Postle and D'Esposito, 1999a; Postle et al., 2000b; Prabhakaran et al., 2000) . Furthermore, this observation is in line with the idea of a preferential processing of visuo-spatial information in the dorsal stream in parieto-occipital areas and a preferential processing of visual non-spatial information in the ventral stream in temporal-occipital areas (see Ungerleider and Haxby, 1994, for review) .
Within the PFC, functional domain specificity is limited to a region within the posterior SFS that is just anterior to the FEF. This region specifically supports the short-term maintenance of visualspatial information as suggested by Courtney et al. (1998) . Activity in this posterior PFC area has been interpreted as related to eye movements (Postle et al., 2000a; Brown et al., 2004) . Postle et al. (2000a) have reported that only when spatial working memory was contrasted with free saccades, but not when it was contrasted with visually guided saccades, was differential activity evident in the posterior superior frontal cortex. This finding is inconsistent with both the study of Courtney et al. (1998) and with the current report, which both showed that the posterior SFS is recruited for the shortterm maintenance of locations, and is not related to visually guided saccades. This discrepancy may be because the visually guided saccadic eye movement tasks used by Courtney et al. (1998) and here were blocked design tasks with high signal detection power, whereas the task used by Postle et al. (2000a) , while better matched to the spatial working memory task, was event-related and therefore had less signal detection efficiency. It is also possible that the 2-D visually guided saccade task used by Postle et al. (2000a) may recruit the posterior superior frontal cortex region whereas 1-D visually guided saccade tasks to horizontal locations used in Courtney et al. (1998) , and in the current study, as suggested by Postle et al. (2000a) , may not recruit this area. The more likely explanation is that the spatial mnemonic component recruits the posterior SFS, because activity in this region was present during the delay period of a spatial delayed response task in our study, but not during short-term maintenance of visual nonspatial objects that were displayed in the same spatial locations.
Does delay-period activity related to spatial stimuli reflect maintenance of spatial information in working memory or sustained spatial covert attention?
Activity within the FEF and the posterior parietal cortex has been viewed as being attention-based Linden et al., 2003; Schall, 2004) , and these areas are active during overt and covert attentional shifts (Corbetta et al., 1998) . Working memory and covert attention recruit a common network of brain areas, including posterior parietal regions and the FEF Pollmann and von Cramon, 2000; Corbetta et al., 2002) . Consistent with this, we also demonstrated that the FEF were specifically recruited for the short-term maintenance of spatial locations.
In our study, the FEF were not the only areas that were jointly recruited for spatial working memory maintenance and saccadic eye movements. Another area was the posterior IPS. Consistent with this observation, previous fMRI studies in humans have demonstrated that posterior parietal regions along the IPS are not only topographically organized by delayed saccades to remembered locations (Sereno et al., 2001; Schluppeck et al., 2005; Swisher et al., 2007) , but are also recruited for visual short-term memory (Todd and Marois, 2004; Xu and Chun, 2006) and visual attention (Wojciulik and Kanwisher, 1999; Silver et al., 2005) .
Under certain conditions, for example when the spatial working memory load is low (as in the current study), and/or when prospective motor coding is not possible or not required during the delay-period, short-term maintenance of visual-spatial information may be identical to covert spatial attention or retrospective sensory coding (see, e.g., Postle et al., 2004) . Recently, Postle proposed that working memory may be an emergent property of interactions between brain areas involved in attention, sensory processing, planning of actions, etc. (Postle, 2006) . This position starkly contrasts that of Courtney (2004) , who proposed that attention and cognitive control may be emergent properties of working memory. Either way, attention and working memory, especially in the spatial domain, are intertwined and may, under certain circumstances, describe the same phenomenon from two different perspectives (short-term maintenance of spatial information and sustained spatial covert attention).
Conclusions
Our data extend previous findings in that they demonstrate a critical role for the orbitofrontal cortex, in concert with the left ventrolateral and the right dorsolateral PFC, for the short-term maintenance of highly familiar stimuli across a working memory delay. Behaviorally, in contrast to trial-unique stimuli, the maintenance of a small set of familiar stimuli requires close monitoring of the currently relevant stimulus in the face of high interference. Our findings are largely consistent with the view that the PFC may be organized in a process-specific rather than a stimulus-specific way (Petrides, 1995; Owen et al., 1996 Owen et al., , 1998 . However, we did observe a stimulus domain-specific specialization within the PFC. Consistent with previous studies (Courtney et al., 1998; Rowe et al., 2000; Rowe and Passingham, 2001; Glahn et al., 2002; Sala et al., 2003; Slotnick, 2005) , the posterior frontal cortex including the FEF and the posterior SFS, that is distinct from and just anterior to the FEF, is recruited specifically for the short-term maintenance of visual spatial information, whereas, in contrast to previous studies, the ventral orbitofrontal cortex supports short-term maintenance of visual nonspatial stimuli. Our data suggest that close monitoring of task-relevant information in the face of interference may be one of the roles the OFC plays during short-term maintenance of visual stimuli.
